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Abstract
The use of light-induced spin polarization to study the structure and function of type I reaction centres is reviewed. The
absorption of light by these systems generates a series of sequential radical pairs, which exhibit spin polarization as a result of
the correlation of the unpaired electron spins. A description of how the polarization patterns can be used to deduce the
relative orientation of the radicals is given and the most important structural results from such studies on photosystem I (PS
I) are summarized. Quinone exchange experiments which demonstrate the influence of protein^cofactor interactions on the
polarization patterns are discussed. The results show that there are significant differences between the binding sites of the
primary quinone acceptors in PS I and purple bacterial reaction centres and suggest that Z^Z interactions probably play a
more important role in PS I. Studies using spin-polarized EPR transients and spectra to investigate the electron transfer
pathway and kinetics are also reviewed. The results from PS I, green-sulphur bacteria and Heliobacteria are compared and
the controversy surrounding the role of a quinone in the electron transfer in the latter two systems is discussed. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction
The emerging picture of the structure and function
of photosystem I (PS I) documented in the articles in
this volume is the result of many years of spectro-
scopic investigation. X-ray crystallography, optical
spectroscopy and electron paramagnetic resonance
spectroscopy (EPR) have played a predominant
role in these studies, each providing unique informa-
tion. The determination of the X-ray structure rep-
resents an enormous achievement. However, the
structure alone is not su⁄cient to understand the
function of PS I. The kinetics and pathway of the
light-induced energy and electron transfer have been
studied extensively using optical methods but such
data give relatively few structural details. Time re-
solved EPR provides a link between these two types
of data by allowing both the kinetics and orientation
of the redox active cofactors to be investigated simul-
taneously. In addition, essentially all important
forms of the protein complex are accessible to tran-
sient EPR, from whole cells of cyanobacteria under
physiological conditions to single crystals of isolated
PS I reactions centres at cryogenic temperatures.
Photosynthetic reaction centres (RCs) have been
described as a ‘playground’ for the EPR spectroscop-
ist because of the many signals which can be mea-
sured. Standard EPR and electron nuclear double
resonance (ENDOR) can be used to examine the
electronic structure of the cofactor radical ions gen-
erated by steady state illumination. Pulsed EPR
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methods can be applied to the same species to give
information about their spin dynamics from which
conclusions about the motion and binding of the
cofactors can be deduced. When combined with
pulsed light excitation, transient EPR and pulsed
EPR can be used to study the light-induced radical
pairs, which are the functional states of the RC. Al-
ternatively, the triplet state of the primary electron
donor can be generated by charge recombination
when the forward electron transfer is blocked.
This review will focus on transient EPR studies of
light-induced electron spin polarization (ESP) in type
I RCs. ESP is a characteristic feature of light-induced
processes which occurs because the pathway of the
reaction is spin dependent and/or because the corre-
lation of the electron spins in the initial state of the
system persists for a considerable time after the re-
action has taken place. As a result, the spin states of
the products are populated selectively. In photolysis
reactions in solution, the spin polarization is referred
to as CIDEP (chemically induced dynamic electron
polarization) and the early literature also refers to
the spin polarization in reaction centres as CIDEP.
However, this terminology was dropped when it be-
came clear that the signals from RCs are due to
coupled radical pairs with a ¢xed geometry as op-
posed to the uncoupled randomly oriented radicals
observed in solution.
In RCs, light-induced spin polarization occurs be-
cause the electron is transferred from the excited sin-
glet state of the donor, in which the electrons are
spin paired. This leads to the spatial separation of
a pair of correlated particles with selective popula-
tion of the spin states with singlet character in the
resulting radical pairs. The spin polarization mani-
fests itself as very intense, short-lived EPR signals
which can be either absorptive or emissive. In addi-
tion, coherence e¡ects such as transient nutations,
quantum beats and nuclear modulations are ob-
served.
Apart from providing unambiguous evidence that
light-induced electron transfer occurs, transient EPR
spectroscopy is sensitive to the orientation and geom-
etry of the radicals involved because the magnetic
interactions of the spins are tensorial and aniso-
tropic. Moreover, the data depend on the dipolar
coupling and exchange interaction, which are mea-
sures of the distance between the two radicals and
the overlap of their electronic wavefunctions, respec-
tively. The time dependence of the light-induced EPR
signals can be used to study the electron transfer
kinetics and the interactions of the cofactors with
the surrounding protein are re£ected in the g-factors
and hyper¢ne couplings of the radicals.
Several previous reviews have included discussions
of electron spin polarization in RCs [1^8] in the
broader context of photosynthesis and electron spin
resonance. This article is narrower in scope and fo-
cuses primarily on PS I and the di¡erences between
the quinone acceptors in type I and type II RCs. A
signi¢cant development in the past several years in
this area has been the extension of such studies to
single crystals [9] and to high magnetic ¢elds/micro-
wave frequencies [8]. The microwave frequency de-
pendence of the spectra not only provides more data
on which the parameters can be ¢xed but also allows
the frequency dependent Zeeman interaction to be
varied independently of the other magnetic interac-
tions. Thus, even a moderate increase in frequency to
24 or 35 GHz (K-band or Q-band) is often su⁄cient
to distinguish between the various contributions to
the spectra. The availability of time-resolved high-
¢eld EPR at 95 GHz (W-band) has lead to a huge
increase in the spectral resolution and the ease with
which the data can be interpreted.
Before discussing speci¢c questions which have
been addressed by transient EPR, a brief summary
of the early literature and relevant background infor-
mation will be presented.
2. Transient EPR of PS I
Reaction centres fall into two classes, based on the
nature of the terminal acceptors, referred to as type I
and type II in reference to PS I and PS II in oxygenic
organisms. Type I reaction centres have a series of
iron^sulphur clusters, whereas type II RCs contain a
non-haem iron £anked by two quinones. This di¡er-
ence has important consequences for transient EPR.
The non-haem iron in type II RCs is paramagnetic
(S = 2), and interacts magnetically with the unpaired
electrons generated by the light-induced electron
transfer. As a result, the spectra depend on three
spins and are di⁄cult to interpret. More importantly,
the large zero-¢eld-splitting of the iron broadens the
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spectra and leads to rapid relaxation of the spin po-
larization. The net result is that without either chem-
ical modi¢cation of the iron or low temperature, no
spin polarization is observed from type II reaction
centres. Type I RCs, on the other hand, do not con-
tain a non-haem iron and show strong spin-polarized
EPR signals which are readily interpreted. An impor-
tant consequence of the di¡erences between the two
RC-types is that transient EPR can be used to study
PS I in intact cells or chloroplasts without interfer-
ence from PS II.
2.1. Room temperature signals
Light-induced spin polarization from PS I at room
temperature was ¢rst reported by Blankenship et al.
[10]. The species giving rise to the signals was iden-
ti¢ed as Pc700 [11,12]. However, the interpretation of
the spin polarization using CIDEP theory for un-
coupled radicals remained inconclusive. Some of
these early experiments and their initial interpreta-
tion are reviewed in [13]. Spectra measured at higher
microwave frequency [14,16] showed signal contribu-
tions which were attributed to the quinone acceptor.
With improvements in the time resolution two se-
quential spin-polarized EPR spectra were resolved
[17,18]. An example is shown in Fig. 1 for PS I par-
ticles from the cyanobacterium Synechococcus elon-
gatus. The upper part of Fig. 1 shows the complete
time/¢eld data set constructed by collecting the tran-
sient responses to pulsed (10 ns) laser excitation at a
series of ¢xed magnetic ¢elds. Positive signals repre-
sent microwave absorption (A) and negative signals
are emission (E). The transition from an E/A/E pat-
tern at early times to a predominantly emissive pat-
tern at late times is evident in the dataset. The tran-
sient corresponding B0 = 339.0 mT is shown in the
lower left part of Fig. 1. The absorptive contribution
at early times is due to the state Pc700A
3c
1 and the
emissive part is due to Pc700FeS
3, where FeS3 is
one of the three iron^sulphur centres. Decay associ-
ated spectra corresponding to the two states are
shown in the lower right of Fig. 1. The spectra are
extracted by ¢tting the transients with a kinetic mod-
el and plotting the amplitudes of the decay compo-
nents as a function of magnetic ¢eld. The emissive
spectrum represents the Pc700 contribution to the spec-
trum of Pc700FeS
3 and corresponds to the spectra
reported in [10^13]. An important point is that the
decay of the signals is in£uenced by both forward
Fig. 1. Spin-polarized transient EPR data from PS I particles at room temperature. (Top) Complete time/¢eld data set. (Bottom left)
Transient taken near the middle of the data set. (Bottom right) Decay-associated spectra extracted from the data set.
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electron transfer and spin-lattice relaxation of the
spin polarization. Thus, while the transition from
the absorptive to emissive signal in Fig. 1 is caused
by the electron transfer from A3c1 to the iron sulphur
centres, the decay of the emissive signal is primarily
due to spin-lattice relaxation.
2.2. Low temperature signals
In PS I the charge separation from P700 to the
terminal iron^sulphur centres FA/FB is irreversible
at low temperature and photo-accumulation of the
state Pc700(FA/FB)
3 occurs. Because transient EPR
measurements require a cyclic photo-induced pro-
cess, at ¢rst sight low temperature experiments would
seem unfeasible. Fortunately, charge recombination
from A3c1 occurs in a fraction of the centres [19,20].
Below 77 K stable reduction of FA/FB occurs in only
about 35% of the centres and forward electron trans-
fer past A3c1 is blocked in the remaining 65%. Under
these conditions the lifetime of Pc700A
3c
1 is t1=2W200
Ws [21]. Fig. 2 shows a typical data set for PS I taken
at 150 K. As can be seen, there is no emissive con-
tribution due to Pc(FeS)3, and only the E/A/E pat-
tern due to Pc700A
3c
1 is observed. The signal decay is
governed by the relaxation of the spin polarization
and is also dependent on the microwave power. The
data shown in Figs. 1 and 2 have been measured
using ‘direct detection’. This term is used to describe
detection without the usual ¢eld modulation and is
something of a misnomer because the signal is ac-
tually detected indirectly using a resonator. Alterna-
tively, light and/or magnetic ¢eld modulation tech-
niques or pulsed EPR have also been used to detect
spin polarization in PS I (see, e.g., [2,22,23]). Indeed,
the experiments at K-band and Q-band [14^16]
which ¢rst revealed the contribution from the qui-
none to the spin-polarized signals were detected us-
ing light modulation. A typical spectrum of Pc700A
3c
1
detected using ¢eld modulation at X-band is shown
in Fig. 3. Note that the ¢rst derivative of the absorp-
tion spectrum with respect to the ¢eld is observed.
3. The kinetics and pathway of electron transfer
As can be seen from Fig. 1, transient EPR data
contain information about the electron transfer from
A3c1 to the iron^sulphur centres. The advantage of
EPR over optical methods for studying this process
Fig. 2. Spin-polarized transient EPR data from PS I particles at 150 K. (Top) Complete time/¢eld data set. (Bottom left) Transient
taken near the middle of the dataset. (Bottom right) Boxcar spectrum extracted from the data set.
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is that it can be applied to a whole range of di¡erent
samples ranging from isolated reaction centres to
whole cells. In addition, the signals are free of inter-
ference from background signals because of the
strong spin polarization and can be measured on
completely intact systems. By comparison, optical
methods have a higher sensitivity and better time
resolution. Initial determinations of the electron
transfer rate from A3c1 to the iron^sulphur centres
in PS I gave con£icting results. While transient
EPR experiments gave a value of t1=e = 290 ns [18]
in agreement with the optical results of Brettel [24],
Mathis and Se¤tif [25] found a lifetime of t1=e = 36 ns.
Later measurements showed that this discrepancy
was due to di¡erences in the preparations used and
that both rate constants could be observed in spinach
preparations, whereas the slower rate was predomi-
nant in cyanobacterial PS I particles [26].
The origin of the biphasic electron transfer was
also investigated using transient EPR to study a
wide range of PS I preparations. Although, the 36
ns phase is not detected directly, it has a clear e¡ect
on the relative amplitudes of the contributions to the
transients. This is demonstrated in Fig. 4 for two
spinach preparations. The transient in the upper
part of the ¢gure is from chloroplasts with a small
amount of the fast component, whereas the lower
transient is from PS IL particles which have a large
fraction of centres showing fast electron transfer (see
[27] for preparation details). This di¡erence is re-
£ected in the very di¡erent relative amplitudes of
the absorptive and emissive parts of the transients.
Thus, the relative proportions of the two kinetic
phases can be determined from the EPR data.
More importantly, this ratio can be determined in
intact preparations, without interference from PS
II. The rate constant for the slower phase is found
to be k31et = 290 þ 50 ns for all preparations [28] and
evidence for the fast phase was only observed in
isolated particles. In particular, the use of the deter-
gent Triton X100 to solubilize the reaction centre
complexes leads to a large amount of fast phase
[26]. Yang et al. [29] have shown that solubilization
of thylakoids with Triton can lead to the loss of PsaE
and PsaF. Moreover in mutants devoid of PsaE and/
or PsaF, particles isolated using Triton X-100 dis-
played dramatically di¡erent photoreduction behav-
iour under reducing conditions compared to particles
isolated with L-dodeclymaltoside. These results
clearly suggest that the fast phase could be an arte-
fact brought about by the in£uence of the detergent.
On the other hand, Joliot and Joliot [30] recently
Fig. 3. The spin-polarized EPR spectrum of Pc700A
3c
1 measured
using ¢eld modulation detection at 150 K. The spectrum is the
average signal intensity in a time window between 0 and 200 Ws
following the laser £ash.
Fig. 4. Comparison of spin-polarized EPR transients from two
spinach PS I samples. The top trace is from chloroplasts before
detergent treatment. The lower trace is from PS I-L particles
isolated using Triton X-100. The di¡erence absorptive part of
the signal is due to Pc700A
3c
1 the emissive part is due to
Pc700FeS
3. The relatively weak absorptive contribution in the
lower transient is due to large fraction of RCs in which fast
electron transfer to the iron^sulphur clusters occurs.
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reported equal amounts of the two kinetic phases in
whole cells of PS II-depleted mutants, which indi-
cates that although the use of Triton in£uences the
relative amounts of the two phases, the fast phase is
an inherent feature of intact PS I. One interpretation
of the biphasic behaviour is that it represents bidirec-
tional electron transfer. Indeed, recent studies of site
directed mutants in the two branches [31] add con-
siderable weight to this argument. Although this is
an appealing explanation, it con£icts with much of
the existing evidence mainly from EPR experiments.
Recent ENDOR studies [33] show that the spin den-
sity on Pc700 is localized on the chlorophyll which is
axially coordinated by His(B656). If electron transfer
to both quinones were to occur, this would lead to
signi¢cantly di¡erent geometries for the resulting two
radical pairs. However, no clear evidence of this is
observed in any of the spin polarization patterns,
echo modulation curves, etc. Moreover, studies of
subunit deletion mutants [29] show e¡ects only
when subunits PsaE and PsaF, which lie closer to
the PsaA side of the reaction centre, are removed.
Indeed, in [31] it is reported that the EPR spectrum
A3c1 of changes only when point mutations are made
near the quinone binding site in PsaA. This is also
consistent with the ¢ndings of Purton et al. [32], who
observed changes in the EPR and ENDOR signals of
photoaccumlated A3c1 and the kinetics of the A
3c
1 to
FX electron transfer when tryptophan PsaA W693 in
Chlamydomonas reinhardtii is changed to either a his-
tidine or a leucine. If the localization of the spin
density on the primary donor is used as a criterium
for drawing an analogy between PS I and bRC, the
active branch of acceptors again corresponds to
PsaA. Thus, there is both evidence for bi-directional
electron transfer as well as uni-directional electron
transfer along the PsaA branch. Clearly, further
studies are needed to resolve this issue.
In all of the early studies of the electron transfer
past A1 it was unclear which of the three iron^sul-
phur centres, FA, FB or FX was acting as the electron
acceptor. This question was investigated simultane-
ously and independently by three groups using tran-
sient EPR [28], pulsed EPR [34] and transient ab-
sorption spectroscopy [35] by successive removal of
the three iron^sulphur clusters. The transient EPR
results are shown in Fig. 5. The fact that (i) the
emissive contribution to the transients is present in
all preparations containing FX but absent when FX is
removed, and (ii) the rate of electron transfer past
A3c1 is unchanged in the absence of FA and FB in-
dicates that it proceeds from A1 to FX. However, it is
important to point out that the rate of the subse-
quent electron transfer from FX to (FA/FB) is still
an open question. Photovoltage measurements [36]
suggest that it proceeds from FX to FA and that
the rate of this step is faster than the transfer from
A3c1 to FX. In this case, the spin-polarized EPR spec-
trum observed at late time would be due to Pc700F
3
A.
The di¡erences in the spin polarization patterns ex-
pected for Pc700F
3
X, P
c
700F
3
A and P
c
700F
3
B were investi-
gated in [37] and found to be too subtle to interpret
in the experimental spectra with any con¢dence.
4. Structural information
In addition to obtaining the electron transfer rate
from A3c1 to the iron^sulphur centres, the light-in-
Fig. 5. The e¡ect on selected room temperature spin-polarized
EPR transients of successive removal of the iron^sulphur clus-
ters by urea treatment.
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duced spin polarization in PS I can be used to de-
termine the orientation of Pc700 and A
3c
1 . The descrip-
tion of the charge separated state as a correlated
coupled radical pair (CCRP) with a singlet precursor
was ¢rst introduced by Closs et al. [38] and Buckley
et al. [39] and later generalized by Norris et al. [40].
These studies showed that the polarization pattern of
such a system depends on the ¢ve angles needed to
describe the relative orientation of the g-tensors of
the two radical partners and the distance vector be-
tween them. These angles are di⁄cult to extract if
only X-band data are used because of the extreme
overlap of the g-tensor components and the line
broadening caused by unresolved hyper¢ne splittings.
By measuring the spectrum of Pc700A
3c
1 in fully deu-
terated whole cells of Synechococcus sp. at K-band
(24 GHz), Stehlik et al. [41] obtained greatly im-
proved spectral resolution and showed that A3c1 is
oriented with its carbonyl bonds directed towards
Pc700 (within 20‡ of the PA1 vector). The spectra of
Pc700A
3c
1 were compared to those of P
c
865Q
3c
A from
ZnbRC at X- and K-band by Fu«chsle et al. [42].
An important conclusion from this study was that
the orientation of A1 is quite di¡erent from that of
QA in purple bacterial reaction centres. This is illus-
trated very clearly in the more recent comparison of
Pc700A
3c
1 and P
c
865Q
3c
A at three microwave frequencies
[43] shown in Fig. 6. The W-band (95 GHz) spectra,
in particular, show a marked di¡erence on the low
¢eld side. This region of the spectra is dominated by
the x and y components of the respective quinone g-
tensors and the sign of the polarization is determined
by the sign of the dipolar coupling when a given g-
tensor axis is parallel to the magnetic ¢eld. Thus, the
di¡erences in the polarization patterns in Fig. 6 are
due to the di¡erent quinone orientations in the re-
spective RCs.
It is important to emphasize, however, that to go
beyond a qualitative analysis of the polarization pat-
terns, additional information is required. The values
of the magnetic parameters, g-tensors and hyper¢ne
tensors, can be measured independently by cw-EPR
and ENDOR. The orientation of the tensor axes rel-
ative to the respective molecular frames presents a
more di⁄cult problem. In the case of the chlorophyll
donor, they have come high ¢eld EPR studies of Pc865
[44] and Pc700 [45] in single crystals. For the quinone
acceptor, theoretical considerations [46,47] are used
to ¢x the g-tensor axes. Recently, we have proposed
a simpli¢ed strategy for obtaining the geometry of
weakly coupled radical pairs with a singlet precursor
[48]. Under the conditions which hold for Pc700A
3c
1
and Pc865Q
3c
A at least one angle must be ¢xed if a
unique geometry is to be obtained from the polar-
ization patterns of unoriented samples.
In addition, to the spin polarization patterns out-
of-phase echo experiments [49,50] have been used to
determine the distance between Pc700 and A
3c
1 (see the
contribution from R. Bittl in this volume for a de-
tailed discussion). Rutherford and co-workers have
studied the photoaccumulated [51,52] acceptors using
a various EPR techniques to determine structural
features of PS I. Using the spectra of oriented mem-
Fig. 6. Comparison of the spin-polarized boxcar spectra of
Pc700A
3c
1 in PS I and P
c
865Q
3c
A in Zn-bRCs at three microwave
frequencies [43].
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branes and angles of the carbonyl bonds relative to
the PA1 vector obtained from the spin-polarized
spectra [43], they were able to estimate the orienta-
tion of A3c1 relative to the membrane normal [51].
4.1. Coherence e¡ects
The correlation between the electron spins in the
initial singlet state manifests itself in coherence ef-
fects observed in the time dependence of the spin-
polarized EPR signals. Both transient nutations due
precession of the magnetization about the microwave
¢eld [16] and quantum beats [53] due to free motion
of the spin system have been observed and these
e¡ects also depend on the geometry of the radical
pair. Gierer et al. [54] showed that the frequency of
the transient nutations is dependent on the strength
of the dipolar coupling and is thus orientation de-
pendent. Kothe and co-workers [55] analysed the
quantum beats from Pc700A
3c
1 to obtain a prediction
of the geometry of radical pair similar to that ob-
tained from the spectra [41]. However, the analysis of
these e¡ects is very complex and yields the same
angles which are more easily obtainable from the
spin polarization patterns.
In addition to the transient nutations and quan-
tum beats, coherent oscillations resulting from the
nuclear spins also occur and were ¢rst observed by
Bittl et al. [56] in bacterial reaction centres. Kothe
and co-workers have studied these e¡ects extensively
in PS I [57^59] and have analysed the transients to
obtain hyper¢ne couplings in the radical partners.
4.2. Oriented samples
The data discussed above yield structural parame-
ters which are internal to the radical pairs. However,
if the orientation of the radicals relative to the pro-
tein is to be determined, it is necessary to orient the
sample macroscopically. The ¢rst spin polarization
patterns from PS I single crystals were reported by
Kamlowski et al. [9] and in a parallel study Bittl et
al. [60] measured out-of-phase spin echo modulations
on the same samples. Together, the transient EPR
and out-of-phase echo data ¢x both the orientation
and position of A1 within the reaction centre. These
results were then used by Klukas et al. [61] to con-
¢rm the position and orientation of A1 found in a
4 Aî resolution electron density map. Recently, Bert-
hold et al. [62] were able to orient PS I reaction
centres using the magnetic ¢eld of a W-band spec-
trometer. From an analysis of the orientation depen-
dence of the spin polarization patterns, they were
able to reproduce the geometry of the radical pair
Pc700A
3c
1 found in the more extensive single crystal
data.
4.3. Quinone exchange experiments
The nature of the A1 binding site has also been
investigated using transient EPR. One approach has
been to use spin-polarized EPR data from quinone
exchanged samples to study the kinetics, electronic
and structural properties of foreign quinones in the
A1 site. The majority of these studies involve extrac-
tion of the native phylloquinone using organic sol-
vents followed by reconstitution with a non-native
electron acceptor. (See also the contribution by S.
Itoh in this volume.) Experiments of this type were
used by Sieckmann et al. [63] and Synder et al. [64]
to provide de¢nitive evidence that A1 is indeed phyl-
loquinone. Rustandi et al. [65] used the presence or
absence of radical pair spin polarization to investi-
gate the ability of a wide range of quinones and
other compounds to accept electrons from A0. The
fact that the native quinones in both bacterial reac-
tion centres and PS I can be exchanged opens the
possibility of comparing the in£uence of the respec-
tive binding sites on a given quinone. Comparisons
of this type were made in [66] and it was shown that
the di¡erent protein-cofactor interactions in the two
RCs leads to a shift of the x-component of the qui-
none g-tensor. This is demonstrated for naphthoqui-
none and duroquinone in Fig. 7. The shift to larger
g-values (lower ¢eld) implies weaker H-band and/or
stronger Z^Z interactions in PS I. However, it is dif-
¢cult to draw de¢nite conclusion from such e¡ects
because of the complex relationship between the g-
tensor and the quinone environment.
A surprising result of such comparisons is that
various small quinones in the A1 binding site take
on very di¡erent orientations whereas the same qui-
nones in the QA site all have essentially the same
orientation. This is demonstrated in Fig. 8. The PS
I spectra in the top part of the ¢gure show very
strong di¡erences on the low-¢eld side indicative of
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large di¡erences in the quinone orientation. In con-
trast, the corresponding spectra in bacterial reaction
centres (bottom) are all very similar. An analysis of
the spectra for PS I shows that naphthoquinone is
oriented with its CNO bonds perpendicular to the
P^Q distance vector while for native phylloquinone,
the carbonyl bonds are parallel to the distance vec-
tor. Such a large di¡erence in quinone orientation
precludes the same H-bonding arrangement in both
cases. Thus, the implication of this result is that H-
bonds to the CNO groups are not the dominant
factor in determining the orientation of the quinone
headgroup in PS I. However, because the orientation
of the molecular plane of the quinone is the same in
both cases and Z^Z interactions depend on this ori-
entation, it is conceivable that they determine the
orientation of the quinone.
A valid criticism of such studies is that the extrac-
tion procedures are very harsh and an unknown
amount of damage to the RC occurs. Recently, a
more elegant method of quinone exchange which
avoids these di⁄culties was developed by Chitnis
and Golbeck [67]. By deleting genes for enzymes in-
volved in the biosynthesis of phylloquinone, they
were able to generate mutant strains of Synechocystis
PCC6803 devoid of phylloquinone. Using a range of
spectroscopic results, including the spin polarization
patterns, Zybailov et al. [68] showed that in the ab-
sence of phylloquinone, the organisms incorporate
plastoquinone into the A1 site. Moreover, kinetic
studies [69] again involving transient EPR, show
that forward electron transfer to the iron^sulphur
clusters is maintained but with a reduced rate in
the mutants.
5. Quinone binding site
Using the structural information from the single
crystal EPR data [9,60] together with the positions
of the helices from the 4 Aî resolution X-ray structure
[70], Kamlowski et al. [71] constructed a detailed set
of possible models of the A1 binding site. In all of
the constructed models a nearly coplanar arrange-
ment of the quinone headgroup and the aromatic
Fig. 7. Comparison of the spin-polarization patterns of PcQ3c
in PS I and purple bacterial reaction centres containing naph-
thoquinone and duroquinone. Note the shift of the low-¢eld
features due to a larger g-anisotropy of the quinones in the A1
site.
Fig. 8. Comparison of the spin-polarization patterns of various
quinones in PS I (top) and purple bacterial reaction centres
(bottom). Notice the di¡erences in the low-¢eld sides of the PS
I spectra compared to the very similar spectra for Zn-bRC.
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tryptophan side chain of TrpA697 (or TrpB677) was
found, which is consistent with the role of Z^Z inter-
actions as suggested by the large g-tensor anisotropy
of A3c1 observed in transient EPR experiments
[43,66]. However, the interpretation of quinone g-
tensor anisotropy in not straightforward and more
direct experimental evidence for such interactions
has come from ESEEM experiments on 15N-labelled
PS I [72] in which it was shown that the unpaired
electron on A3c1 is coupled to the nitrogen of a tryp-
tophan. On the other hand, ENDOR data on photo-
accumulated A3c1 [73^76] suggest the presence of hy-
drogen bonds between A1 and the protein. The com-
paratively weak couplings to exchangeable protons,
the large g-anisotropy of A3c1 [43,45,51] and the dras-
tic di¡erences in the orientation of the exchanged
quinones all suggest that such H-bonds are weaker
in PS I than in bRCs. A comparison [71] of the
modelled A1 binding site and the structure of the
QA site in bRCs indicated that while a coplanar tryp-
tophan-quinone arrangement exists in both RCs, the
histidine residue to which QA is strongly H-bonded
has no analogue in PS I. Moreover, the correspond-
ing oxygen on the quinone in PS I does not appear to
be H-bonded. For QA it is the carbonyl in the meta
position relative to the phytyl tail which is strongly
H-bonded. For A1 the large hyper¢ne coupling to
the phylloquinone methyl protons indicates an oppo-
site asymmetry in the spin density distribution, sug-
gesting that one-sided H-bonding at the carbonyl
adjacent to the phytyl tail may be a feature of the
quinone binding. Thus, from the EPR data and mod-
elling studies it can be concluded that while Z stack-
ing with a tryptophan is present in the quinone bind-
ing site in both RCs, the hydrogen bonding situation
is very di¡erent. These features have now been con-
¢rmed by the most recent X-ray structure [77] which
shows the predicted Z stacking arrangement of the
two phylloquinones with TrpA697 and TrpB677, re-
spectively. The plane-to-plane distances range from
3.0 to 3.5 Aî , suggesting a stronger interaction than in
the comparable stacking in QA site in bRC. In agree-
ment with the observed spin density distribution for
A1 one-sided H-bonding is observed between the car-
bonyl oxygen adjacent to the phytyl chain of the
respective quinones and the backbone NH groups
of LeuA722 and LeuB706.
The results of the quinone exchange experiments
suggest that there is a subtle balance of forces hold-
ing the quinone in place. Apart from the Z stacking
and H-bonding, the phytyl tail and methyl group
also appear to play a role. In the absence of the these
two side groups, the quinone is rotated by 90‡ about
the normal to the aromatic plane. In this orientation,
the H-bond to the backbone NH group of LeuA722
(LeuB706) cannot be maintained without a signi¢-
cant rearrangement of the protein. Thus, it is prob-
ably not involved in binding naphthoquinone, which
implies that the phytyl tail and/or methyl group are
necessary for the formation of the H-bond.
6. Heliobacteria and green-sulphur bacteria
These two very primitive organisms have type 1
reaction centres similar to PS I; however, they have
fewer polypeptides and a considerably lower molec-
ular mass. Despite this simplicity, the details of the
electron transfer are not ¢rmly established. In partic-
ular, it is not known whether a quinone analogous to
A1 in PS I acts as an acceptor between the primary
chlorophyll acceptor A0 and the ¢rst iron^sulphur
centre FX. This is a point of controversy with tran-
sient absorptions and photovoltage measurements in-
dicating that the electron transfer from A0 proceeds
directly to FX with a time constant of dW600^700 ps
[78,79]. In apparent contradiction to this, a semiqui-
none radical is photo-accumulated [80^83] when elec-
tron transfer to the iron^sulphur centres is blocked.
In light of the detailed information obtained for the
quinone acceptors in PS I and bRCs, transient EPR
is ideally suited for investigating the role of the qui-
none as an electron acceptor in RCs from Heliobac-
teria and green-sulphur bacteria. Initial attempts at
these types of experiments showed that spin-polar-
ized transient EPR signals could be measured. How-
ever, their interpretation was unclear. The ¢rst such
experiments were reported by Heathcote and Warden
[84] using an X-band spectrometer with V10 Ws time
resolution and a spectrum which was thought to be
similar to that of PS I was observed for green-sul-
phur bacteria. More recently [2], it was pointed out
that the spectrum from green-sulphur bacteria in fact
resembles that observed for some purple bacterial
samples. However, the data in [84,2] are di⁄cult to
interpret because of the low time resolution and the
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fact that only one frequency band has been mea-
sured.
In [85], X- and K-band spectra of Heliobacteria
and green-sulphur bacteria taken with V20 ns time
resolution at room temperature and 100 K were
studied. In contrast to PS I, electron transfer from
A1 to FX is not observed in the time range accessible
by transient EPR.
The comparison of the spin polarization observed
during the ¢rst 100 ns after the laser £ash is shown in
Fig. 9. Unlike the spectra of Pc700A
3c
1 in PS I in the
top part of the ¢gure, the spectral width of the green-
sulphur bacteria and Heliobacteria spectra does not
increase at higher microwave frequency. Thus, the
spectra are assigned to the nearly isotropic contribu-
tion from Pc to PcF3X. This assignment is consistent
with optical measurements [78,79], which indicate
that the electron transfer to the iron^sulphur clusters
is faster than in PS I.
Because green-sulphur bacteria are strictly anaero-
bic, they are di⁄cult to manipulate biochemically
and the photoactivity of isolated RCs must be tested.
An important result of the measurements in [85] is
that signi¢cant photoactivity is found for samples
from which no quinone could be extracted using or-
ganic solvents suggesting that a quinone is not nec-
essary for forward electron transfer. The green-sul-
phur bacteria and Heliobacteria spectra in Fig. 9
show a net absorptive spin-polarization indicative
of singlet^triplet mixing in the precursor [86]. Thur-
nauer and co-workers have studied this e¡ect exten-
sively [40,86^88] in purple bacterial RCs and ana-
lysed its e¡ect on the spin-polarized spectra of
Pc865Q
3c
A . Kandrashkin et al. [37] derived an analytical
solution for the polarization patterns of sequential
radical pairs in the limiting cases of short-lived and
long-lived precursors. The spectra for both PS I and
Heliobacteria were calculated using known values
from EPR and X-ray data to ¢x all of the parameters
and excellent agreement with the experimental results
was obtained. In the case of the Heliobacteria, direct
transfer from A0 to FX with a lifetime of d = 600^
700 ps was assumed. Thus, the transient EPR results
give no evidence for the involvement of a quinone
acceptor. However, this must be reconciled with the
fact that a semiquinone radical can be photo-accu-
mulated. One possibility is that the distance between
the quinone and FX is very short so that the reduced
form of the quinone is very short-lived and thus, has
little or no e¡ect on the spin polarization and optical
transients.
7. Conclusions and outlook
The structural and functional data obtained from
transient EPR discussed above provide the ground-
work on which a detailed understanding of the pro-
tein-cofactor interactions in the two classes of RCs
can be built. With the improved structural detail
provided by the latest X-ray data, it is now possible
to rationalize some of the observed di¡erences in the
properties of the quinone acceptors in bRCs and PS
I on a molecular level. However, the consequences of
these di¡erences for the electron transfer are not yet
clear. The ultimate goal is to understand why these
di¡erences in the various photosystems have evolved
and how the protein-cofactor interactions control the
electron transfer. At present there are two key ques-
Fig. 9. Comparison of the X- and K-band spin-polarization
patterns of PS I (top) and green-sulphur bacteria and Heliobac-
teria (middle and bottom).
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tions that remain open. (i) Which of the two qui-
nones found in type I reaction centres are actively
involved in electron transfer? (ii) What properties of
the quinone determine its function?
Experiments in which the properties of the qui-
nones and their binding sites are varied, particularly
using molecular biological techniques, are beginning
to provide insight in this direction [67^69]. Site selec-
tive mutation experiments such as those in [31] can
be expected to provide the clearest answer to the
question of bidirectional versus unidirectional elec-
tron transfer, since mutations in the active branch
should have a much larger e¡ect on the function
that those in the inactive branch. If the mutations
are made in the quinone-binding region, transient
EPR is ideally suited for screening for their e¡ect
on the structure and function because structural in-
formation for the functional state PQ3 is obtained
under physiological conditions. The obvious ¢rst
candidates for such studies are the tryptophans
TrpA697 and TrpB677 which are clearly involved
in binding A1. Another novel and less invasive ap-
proach is to provide an observer electron spin on one
side of the reaction centre as discussed in [89]. This
third spin can have a dramatic e¡ect on the spin
polarization pattern at distances which are expected
to leave the function of the system unperturbed.
Spin-labelling techniques combined with mutagenesis
should allow selective placement of observer spins at
a variety of positions in the PS I reaction centre and
make a de¢nitive determination of activity of the two
quinones possible.
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